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ABSTRACT 
The errects of tile iuliuaphexe oii 4 5 C  Mc radar s i p s 1 s  
s e n t  v e r t i c a l l y  downward from a sa t e l l i t e  a t  t h e  h e i g h t  of 300 
km have been i n v e s t i g a t e d .  The t i m e  de l ay  and t h e  v i r t u a l  h e i g h t ,  
t h e  a t t e n u a t i o n  f a c t o r  and t h e  Faraday r o t a t i o n  have been c a l c u l a t e d .  
*The r e s e a r c h  r e p o r t e d  on h e r e  has been sponsored by  t h e  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  under c o n t r a c t  
NSR 17-004-003. Reproduction i n  whole or  i n  p a r t  i s  pe rmi t t ed  
f o r  any purpose of t h e  United S t a t e s  government. 
**Electrical Engineer ing Dept. , U n i v e r s i t y  of Kansas, 
Lawrence, Kansas. 
INTRODUCTION 
Oae of t h e  main methods o f  i n v e s t i g a t i n g  t h e  s u r f a c e  of 
t h e  moon and t h e  p l a n e t s  w i l l  be by  ana lyz ing  t h e  r e f l e c t i o n s  of 
radar s i g n a l s .  By sending  radar s i g n a l s  f r o m  satell i tes t o  t h e  
surface of  t h e  e a r t h ,  c o r r e l a t i o n s  between radar r e f l e c t i o n s  and 
t h e  c h a r a c t e r i s t i c s  of t h e  s u r f a c e  may be found and used  later on 
for  unknown surfaces. I n  t h i s  case t h e  ionosphere  w i l l  a f f e c t  
t h e  radar s i g n a l s  t o  a c e r t a i n  degree  and t h e  a i m  of  t h e  p r e s e n t  
paper i s  t o  d i s c u s s  those  effects and c a l c u l a t e  t h e i r  o rder  of 
magnitude. 
I n  t h e  p r e s e n t  a n a l y s i s  of t h e  effects of t h e  ionosphere  
on r a d a r  s i g n a l s  we w i l l  assume the  r a d a r  f requency t o  be 400 M c ,  
s e n t  i n  p u l s e s  of 1 I-ls d u r a t i o n .  I t  w i l l  be assumed t h a t  t h e  
s a t e l l i t e  w i l l  send t h e  r ada r  s i g n a l s  a t  a h e i g h t  of 300 km 
( t h e  maximum e l e c t r o n  d e n s i t y  of the  F2- l ayz r )  d i r e c t l y  v e r t i c a l l y  
downward and w e  w i l l  f i n d  t h e  t o t a l  effects of  t h e  ionosphere  from 
t h i s  h e i g h t .  The r a d a r  s i g n a l s  a r e  t o  be s e n t  a t  Lawrence, Kansas 
were t h e  t o t a l  geomagnetic f i e ld  Bo = 0.7 Gauss a t  t h e  s u r f a c e  
and t h e  ang le  of i n c l i n a t i o n  from t h e  h o r i z o n a l  i s  a b o u t 4  = 6rS0 - 
70°. [Peoples,  1965; U . S . A .  A i r f o r c e ,  19631 . 
The d i f f e r e n t  l a y e r s  of t h e  ionosphere  are g iven  as follows: 
D l a y e r  70-100 km ( o n l y  d a y t i m e )  
E l a y e r  100- 150 km 
F1 l a y e r  150 - 250 km 
F2 l a y e r  250-400 km 
The average  e l e c t r o n  d e n s i t y  o f  each l a y e r  may be found i n  F igu re  1. 
3 
L 
The Appleton-Hartree equa t ion  f o r  propagat ion  of r a d i o  
waves i n  t h e  ionosphere i s  given i n  the  form [ R a t c l i f f e ,  1959; 
Budden, 1961 ] : 
2 X 
n = 1 -  ( l a )  
1 2 
- Y  
2 
1 - X - i Z  1 - X - i Z  
1 - i Z  - 
where we  d e f i n e  : 
n = P - ix  = comple r e f r a c t i v e  index  
1-1 = C = wave r e f r a c t i v e  index 
X = abso rp t ion  c o e f f i c i e n t  
V 
w =  l e l  Bo = gyro-magnetic ( c y c l o t r o n )  f requency  
m H 
w = s i n  4 
L H 
U T  = qi cos 
v = c o l l i s i o n  frequency of  e l e c t r o n s  wi th  heavy p a r t i c l e s  ( n e u t r a l s )  
2 
2 
N w x =  
w 
" H  
w Y =  
- WL YL -  
w 
V 
w z =  
Rat iona l i zed  MKSA s y s t e m  o f  u n i t s  w i l l  be used i n  our  c a l c u l a t i o n s .  
The p o l a r i z a t i o n  R of t h e  wave W i l l  b e  g iven  by:  
2 
R = -  -i (1b) 
1 - X - i Z  1-X-iZ yL 
4 
For the case of q u a s i - l o n g i t u d i n a l  (QL) approximation,  
one has  t h e  cond i t ion  [ R a t c l i f f e ,  1959; Budden, 19611 : 
2 
under cond i t ion  ( 2 a )  one w i l l  ob ta in  from (1): 
The p o l a r i z a t i o n  R being that  which corresponds t o  n e g a t i v e  
va lues  of  Y as f o r  a wave pass ing  downwards through t h e  
ionosphere  i n  t h e  Northern hemisphere [Ratclif f e ,  19593 . 
Equat ion ( 2 c )  shows t h a t  t h e  QL wave i n  t h e  ionosphere  i s  c i r c u l a r l y  
p o l a r i z e d .  
s i g n  as t h e  o rd ina ry  wave and t o  t h e  case  o f  t h e  l o w e r  s i g n  a s  
t h e  e x t r a o r d i n a r y  wave, though some confus ion  e x i s t s  for  t h e  QL 
case [Ratcliffe,  1959) . 
L 
I n  t h e  f u t u r e  w e  w i l l  refer t o  t h e  case of t h e  upper 
IONOSPHERIC PARAMETERS 
I n  t h e  p r e s e n t  paper w e  d i s c u s s  r a d a r  s i g n a l s  of t h e  
f r equency :  
8 
f = 400 M c  w = h X l 0  l/s ( 3 )  
which a r e  s e n t  from s a t e l l i t e  a t  a h e i g h t  of 300 k m  through t h e  
ionosphe re  t o  the  ground. Using t h e  d e f i n i t i o n s  i n  Sec t ion  1 and 
t h e  e l e c t r o n  d e n s i t y  model g iven  i n  Figure 1, one may f i n d :  
5 
TABLE A 
he igh t  e l e c t r o n  plasma 2 
wN (km) d e n s i t y  f requency  x =  - 
z 
w 
300 4 x lo6 18 M c  0 .002 
50 0 0 0 
Using t h e  e l e c t r o n  c o l l i s i o n  f r equency  g iven  i n  F igu re  2 ,  
one may f i n d :  
TABLE B 
9 he igh t  c o l l i s i o n  z =  _I__ 
km) f requency  w 
QL+) 
300 I1 70 2 . 8  x 0 
300 I11 lo3 4 1 0 - 7 ~  o 
50 I 3 107 0.012 
Using t h e  geomagnetic f i e l d  f o r  Lawrence, Kansas g iven  
i n  F igu re  3 ,  one may f i n d :  
TABLE C 
w 
= T  L 
w 
f - ,  Y, = - BoL Bo T f o L  'T h e i g h t  
(km) (Gauss) (Gauss) (l/sed, . ~ ,  _ _ _  0 1  (l/SPC) 
0.0008 
50 0 .63  0 .25  1.1 M c  0.45Mc 0.0027 0.0011 
300 0 .56  0.18 1 M c  0.32Mc 0.0025 
6 
From Tables A,B,C, one may f i n d :  
TABLE D 
I 
I , 2  , / ( l - x ) 2  + z 2 
300 0.00013 0.998 
50 0.00022 1.00072 
From t a b l e  D one can see t h a t  t h e  c o n d i t i o n  ( 2 a )  f o r  QL approximation 
e x l s t s  i n  our cdse and t h s  7;a-j~ ---nn-rnation y- -y-=,-. - i s  given bv ( 2 b )  and 
( 2 c ) .  
o b t a i n :  
S ince  one has  2 << 1 and lYLl  < <  1 one may develop ( 2 b )  t o  
S ince  X <<1 one may develop  ( 4 a )  t o  o b t a i n :  
1 1 
2 
- -  + L) i z  i Y 
From ( 4 b )  one o b t a i n s  f o r  our case :  
1 
2 
xz 7 c =  - 
where 1-1 = i s  the  real  r e f r a c t i v e  index  a n d x i s  t h e  a b s o r p t i o n  
c o e f f i c i e n t .  
V 
THE VIRTUAL HEIGHT 
When t h e  s a t e l l i t e  is sending r ada r  s i g n a l s  v e r t i c a l l y  
downward towards t h e  e a r t h  from an assumed h e i g h t  of ho = 300 km, 
t h e  s i g n a l s  are de layed  by the  e x i s t e n c e  of t h e  ionosphere  and t h i s  
7 
t i m e  d e l a y  t i s  of i n t e r e s t  t o  u s .  L e t  u s  d e f i n e  t h e  v i r t u a l  
h e i g h t  of t h e  s a t e l l i t e  h '  i n  t h e  form: 
h '  = c t  ( 6 a )  
where t i s  t h e  d e l a y  t i m e  of t h e  s i g n a l  th rough t h e  ionosphe re .  
The v i r t u a l  h e i g h t  h '  is def ined  as t h e  h e i g h t  a t  which t h e  s a t e l l i t e  
shou ld  be  i n  free space with no ionosphe re ,  i n  order t h a t  t h e  t i m e  
d e i a y  of t h e  radar s i g n a l  from t h e  s a t e l l i t e  t o  t h e  r e c e i v i n g  
s t a t i o n  on e a r t h  w i l l  b e  de l ayed  a t  t he  same d e l a y  t i m e  t of t h e  
s i g n a l  through t h e  ionosphere  when t h e  s a t e l l i t e  i s  a t  a c t u a l  
h e i g h t  ho = 300 km. The d e l a y  t i m e  t i s  g i v e n  by 
0 
where v i s  t h e  group v e l o c i t y  of t h e  s i g n a l .  
Assuming a wave p ropaga t ion  i n  t h e  form 
9 
ei (dt-kx) one may d e f i n e :  
w v = -  
P k 
where v i s  t h e  phase v e l o c i t y  and 1-1 i s  t h e  wave r e f r a c t i v e  i n d e x .  
S i m i l a r l y  one may d e f i n e :  
P 
!J1 = c dk (7b )  - - c  - v = -  d w  
V d w  dk 9 
9 
where v i s  t h e  group v e l o c i t y  and  i s  t h e  group r e f r a c t i v e  index .  
From t h e  d e f i n i t i o n s  ( 7 a )  and ( 7 b )  one o b t a i n s  t h e  s i m p l e  r e l a t i o n s h i p :  
9 
S u b s t i t u t i n g  ( 6 b )  i n  ( 6 a )  and us ing  (7b)  one o b t a i n s :  
8 
Frcm ( 8 )  cme m a y  o b t a i n :  
0 
where ~h r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  v i r t u a l  h e i g h t  and 
t h e  a c t u a l  h e i g h t  of t h e  s a t e l l i t e .  From ( 9 )  one has 
where A t  r e p r e s e n t s  t h e  a d d i t i o n a l  t i m e  de l ay  of t h e  r a d a r  s i g n a l  
because of t h e  ionosphere .  
From Table C one can see t h a t  i Y L i  c <  1 and therefme (sa! 
becomes : 
Using (11) i n  (7c)  one o b t a i n s :  
! UN2 ) 
d ( w - -  1 
2 w ? . A = -  d (wv) = dw dw 
id N2 = 1 + 1  X1 - 1 +  - - - 
2 w 2  2 
S u b s t i t u t i n g  ( 1 2 )  i n  ( 9 )  one ob ta ins :  
0 
Using i n  (13) t h e  d e f i n i t i o n s  of Sec t ion  1, one o b t a i n s :  
300km 
N ( z )  dz (14) 
2 w 2  e 
2 
N dz = 
2 w  E m  v 
1 J h o  A h =  - 
2 w  ~ 
0 0 0 
N ( 2 )  dz i s  c a l l e d  t h e  t o t a l  e l e c t r o n  c o n t e n t  Sho The i n t e g r a l  
0 
of  t h e  ionosphere .  ( Arendt,  Papayoanou and So iche r ,  1965 ) .  
9 
I n  o rde r  t o  e v a l u a t e  Ah from ( 1 4 )  w e  have t o  e v a l u a t e  
f i r s t  t h e  t o t a l  e l e c t r o n  con ten t  of t h e  ionosphere  below ho = 
300 km t h e  a c t u a l  p o s i t i o n  of t h e  s a t e l l i t e .  S ince  F igu re  1 
r e p r e s e n t s  t h e  average e l e c t r o n  d e n s i t y  model( U. S. Airforce,  
1963 ) w e  can e v a l u a t e  t h e  e l e c t r o n  con ten t  by l i n e a r  approximation 
from t h e  average day curve:  
TABLE E 
he igh t  
(km) 
elect  r on ave r  age 
d e n s i t y  e l e c t r o n  
d e n s i t y  '(5) Nav (+) 
0 0 
50 0 0 
100 4 lo4 0.2 
150 
200 
250 
1 105 
5 
2 x 10 
8 x lo5 
0.7 lo5 
5 
5 
1 .5  x 10 
5.0 x 10 
5 24.0 x 10 6 300 4 x 10 
1 
c m  
T o t a l  31.4 lo5  - 
3 
The t o t a l  e l e c t r o n  con ten t  w i l l  be g iven  from Table  E by: 
1 (15)  
5 5 1 3  N ( 2 )  dz = 31.4 x 10 1 x 50 x 10 c m  = 1 . 5 7  x 10 
7 
c m  
0 3 
c m  
s 300km 
The t o t a l  e l e c t r o n  conten t  found i n  ( 1 5 )  i s  of  t h e  same o rde r  of 
magnitude as g iven  by Arendt ,  e t  a l ( 1 9 6 5 )  . I t  should  be p o i n t e d  
o u t  t h a t  t h e  d i f f e r e n c e  i n  magnitudes of t h e  r e s u l t s  comes because  
10 
i n  h i s  paper he  h a s  t h e  F2 l a y e r  maximum a t  250 km he igh t  w i t h  
maximum e l e c t r o n  d e n s i t y  of 1.5 x 10 - 6 x lo5 l / c m  
whi le  i n  our  Figure 1 w e  have an average curve  of e l e c t r o n  
5 .  3 
d e n s i t y  w i t h  an F2 l a y e r  maximum a t  300 km and maximum e l e c t r o n  
d e n s i t y  of 40 x lo5 l / c m  . 3 
S u b s t i t u t i n g  (15) i n  (14 )  one o b t a i n s ,  u s ing  ( 3 ) :  
EqudLion ( 1 6 )  shows th3.t t h e  de lav  t i m e  of t h e  s i g n a l  because of 
t h e  ionosphere  i s  equ iva len t  t o  r a s i n g  t h e  h e i g h t  of t h e  s a t e l l i t e  
i n  free space  by 40 meters or by 40 x 100 % = 0.0133%. Using 
( 1 6 )  i n  (10) one may f i n d  t h e  ex t r a -de lay  t i m e  of t h e  r a d a r  
300 x 1000 
s i g n a l  because of t h e  ionosphere t o  be: 
= 0.133 psec. Ah A t  = 
C 
The number of c y c l e s  of t h e  radar  s i g n a l  which e n t e r  i n  t h e  t i m e  
d e l a y  because of t h e  ionosphere i s  g iven  by: 
A h = -  Ah - -  40m = 53.33 (17b)  
0.75m h 
= f  A t  = A t  
T C 
1 
3 
The a d d i t i o n a l  h e i g h t  i s  equa l  t o  53 - wavelengths of t h e  r a d a r  
s i g n a l .  O f  cou r se  t h e  above r e s u l t s  are approximate on ly ,  b u t  
t hey  g i v e  an i d e a  about  t h e  order  of magnitudes involved .  
Assuming t h a t  w e  u s e  r ada r  pu l se s  of to = 1lJ sec one w i l l  have:  
= 0.133 = 13.3% A t  t 
0 
The a d d i t i o n a l  t i m e  de l ay  because of  t h e  ionosphere  w i l l  b e  only 
13.3% of t h e  t i m e  of  each of t h e  r ada r  p u l s e s .  
11 
ATTENUATION FACTOR 
I t  i s  found t h a t  t h e  changes of t h e  v a l u e  of t h e  c o l l i s i o n  
f requency  d a f fec t  t h e  propagat ion  of r a d i o  waves f a r  less than 
changes of t h e  e l e c t r o n  number d e n s i t y  N (  Budden, 1961 . For 
many purposes  i t  i s  t h e r e f o r e  p e r m i s s i b l e  t o  t r e a t  9 a s  a c o n s t a n t  
1 
over  a s m a l l  r ange  of t h e  he igh t  2 .  This  i s  e s p e c i a l l y  t r u e  a t  
h igh  f r e q u e n c i e s  ( 9  > >  1 M c )  where t h e  wavelength i s  s m a l l  compared 
with t h e  s c a l e  h e i g h t ,  which i s  about  10 km. 
The curves  of e l e c t r o n  c o l l i s i o n  f r equency  Y v e r s u s  h e i g h t  
a r e  g iven  i n  F igure  2 .  There i s  some va r i ance  between t h e  s o u r c e s  
r e g a r d i n g  the  va lue  of  t h e  c o l l i s i o n  f r equency ,  p a r t i c u l a r l y  
above 100 km, where t h e  c o l l i s i o n  f requency  i s  n o t  as l a r g e .  
Curve I i n  F igu re  2 has  been g iven  by Benson ( 1 9 6 5 )  , curve  I1 
has  been g iven  by Budden ( 1 9 6 1 )  , and cu rve  I11 has been drawn 
based  on d a t a  g iven  by Ginzburg ( 1963 ) .  I n  o rde r  t o  f i n d  t h e  
h ighe r  a t t e n u a t i o n ,  w e  w i l l  base our  c a l c u l a t i o n s  i n  t h e  p r e s e n t  
s e c t i o n  on curves  I and 111, which g ive  t h e  h i g h e r  v a l u e s  for  
c o l l i s i o n  f r e q u e n c i e s .  I t  shou ld  be p o i n t e d  o u t  t h a t  a d d i t i o n a l  
d a t a  for  c o l l i s i o n  f requency  h a s  been g i v e n  by Mi t ra (  1952) and 
by o t h e r s ,  and i t  i s  d i s t r i b u t e d  between and around t h e  cu rves  i n  
F igure  2 .  
Using WKB approximation ( Budden, 1961 ) o n e  c o u l d  w r i t e  
t h e  propagat ing  wave i n  a downward p o s i t i v e  z d i r e c t i o n  f o r  a 
medium wi th  vary ing  r e f r a c t i v e  index  n(z)  =- ~ ( z )  - i x ( z )  for the field 
components, i n  t h e  form: 
C e  = Ce e 
1 2  
c 
The a t t e n u a t i o n  f a c t o r  A will be - where k = o;Ju E - -  
0 0 C 
d e f i n e d  a s  t h e  r a t i o  of t h e  r ece ived  f i e l d  E ( 2 )  t o  t h e  t r a n s m i t t e d  
R 
f i e l d  ET ( h  ) and u s i n g  ( 1 8 a )  w i l l  g i v e :  
P Z  
0 
The a t t e n u a t i o n  f a c t o r  i n  d e c i b e l  i s  g iven  by:  
Adb =-20 l o g  A 
10 
S u b s t i t u t i n g  (18b)  i n  ( 1 8 c )  one o b t a i n s :  
where log  e = 0.4343. 
S u b s t i t u t i n g  (5b)  i n  (18d) one ob ta ins  fo r  our case: 
10 
Adb = 4.343 - X 2 dz 
C 
Using t h e  d e f i n i t i o n s  i n  S e c t i o n  1 , (18e) becomes: 
and f r o m  (18f)  one o b t a i n s :  
Adb = 4.343 
2 e 
w 2 c  E m 
0 
Equat ion  ( 1 9 )  g i v e s  us 
db. I t  shou ld  be notec 
f 300km N ( z ) 3  ( z )  dz ( 1 9 )  3 
0 
the  t o t a l  a t t e n u a t i o n  i n  t h e  ionosphere  i n  
t h a t  a t  z < 5 0  km N ( z )  = 0 s o  t h e  
a t t e n u a t i o n  w i l l  be t h e  same a l l  t he  way t o  t h e  ground.  L e t  u s  
f i r s t  e v a l u a t e  t h e  i n t e g r a l  i n  (19) u s i n g  F i g u r e  1 and curves  
I ,  I11 i n  F igu re  2 .  
13 
TABLE F 
he igh t  
(km) 
0 
50 
100 
150 
2 00 
250 
3 00 
e l e c t r o n  
d e n s i t y  Ne) 
0 
0 
4 lo4 
2 lo5  
5 
1 x 10 
8 x lo5 
6 4 x 10 
col  li s i  on 
f requency  
11 9 . 5  x 10 
lo4 
2 .5  103 
3 1 x 10 
N Y  average  
of N y  
0 
0 0 
1 . 6  x l o l o  8 x lo9 
4 x 10 10 lo9 
2 lo9 2 10 
9 9 
9 
2 x 10 3 x 10 
9 1  26 x 10 -T o t a l  
3 
c m  s e c  
Using Table F one may f i n d  t h e  va lueof  t h e  i n t e g r a l  i n  ( 1 9 )  t o  
g i v e  : 
5 x 50 x 10 c m  = 9 1 
3 
cm sec 
300km 
N ( z )  d ( 2 )  dz = 26 x 10 0 s 
( 20)  1 1 . 3  
2 
cm sec 
S u b s t i t u t i n g  ( 2 0 )  i n  ( 1 9 )  one ob ta ins :  
Adb = 4.343 1 e2 11.3 x 10 21 
2 
w c  E r n  
0 
t 
Using (18b)  and ( 2 1 a )  one h a s :  
2 m sec 
= 0.01 db ( 2 1 a )  
P 
0.01 = 10 loglo T 
pR 
( 22a ) 
where P 
r e c e i v e d  power a t  t h e  ground.  From (22a) one o b t a i n s :  
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i s  t h e  t r a n s m i t t e d  power f r o m  t h e  s a t e l l i t e  and PR i s  t h e  T 
0.001 P 
= 10 = 1 + 0.001 x 2.3026 = 1.0023 T 
The power l o s s  of t h e  r a d a r  s i g n a l  through t h e  ionosphere  i s  
0.23%. From ( 2 2 )  w e  see t h a t  f o r  a l l  p r a c t i c a l  purposes  a t  t h i s  
r a d a r  f requency  of 400 M c  t h e  a t t e n u a t i o n  of t h e  s i g n a l  i n  t h e  
ionosphe re  cou ld  be n e g l e c t e d .  
FAMDAY ROTATION 
I n  Lawrence, Kansas t h e  geomagnetic f i e l d  i s  g iven  by: 
( P e o p l e s ,  1965; USA A i r f o r c e ,  1963) 
= 0 .7  Gauss 4 = 6 8 O  ( 2 3 )  
BO 
where B i s  t h e  magnitude o f  t h e  f i e l d  and 6 i s  t h e  i n c l i n a t i o n  
a n g l e  from t h e  h o r i z o n t a l .  S ince  t h e  goemagnetic f i e l d  i s  t o  a 
0 
very good approximation a d i p o l e  f i e l d  wi th  t h e  d ipole  a t  t h e  
center of t h e  e a r t h  and s i n c e  the  d i p o l e  f i e l d  va ry  as - 
c o u l d  t a k e  : 
w e  1 3 r 
R 
where the  rad ius  of t h e  e a r t h  given by:  
R =  40,000 k m  = 6,370 k m  
2 n  
I t  w i l l  b e  assumed t h a t  t h e  i n c l i n a t i o n  a n g l e  d rema ins  t h e  same 
for a l l  h e i g h t s .  
From ( 2 4 )  one o b t a i n s :  
B = B  ( 1 +  Zkm )-3 Bo 1 - z,;;: ] ( 2 4 ~ )  
0 6 ,370  
and  one a l s o  o b t a i n s :  
BL = B s i n 4  B = B cos $ 
T 
Figure  3 has  been drawn by us ing  ( 2 4 c )  and (24d)  t a k i n g  
Bo = 0 . 7  G a u s s  and d =  68'. 
I n  Appendix A w e  w i l l  d e r i v e  t h e  t o t a l  Faraday r o t a t i o n  
a n g l e  Q f o r  two c i r c u l a r l y  p o l a r i z e d  waves i n  t h e  ionosphere  
( Van Al len ,  1956 1 ,  t o  g i v e :  
1 x + -  X Y  1 
b = l - -  2 2 L 
yL 
- I 1 
2 2 
P , - l - -  x - -  
Using the  r e s u l t  i n  (Sa) one h a s :  
S u b s t i t u t i n g  ( 2 6 )  i n  ( 2 5 )  one o b t a i n s :  
0 
Using t h e  d e f i n i t i o n s  i n  S e c t i o n  1 i n  ( 2 7 )  one o b t a i n s :  
z c E m  w 
0 
3 
0 
Using Figure  1 and F igure  2 one may e v a l u a t e  the i n t e g r a l  i n  ( 2 8 ) :  
16 
. 
TABLE G 
ave rage  
N B L  
geomagnetic N B  
f i e l d  
BL [Gauss) 
1 
h e i g h t  
(km) 
0 
50 
100 
150 
200 
250 
300 
e l e c t r o n  
dens i t y 
0 
0 
4 lo4 
1 lo5 
2 lo5 
8 x lo5  
4 x 106 
0.64 
0 . 6 3  
0 
0 
0.62 2 .48  lo4 
0 . 6 0  0.60  l o5  
5 
5 
6 
0.59 1.18 x 10 
0.58 4.64 x 10 
0.56 2 .24  x 10 
0 
0.124 x lo5 
0.424 x lo5 
0 .890  x lo5 
2.910 x lo5 
3.570 lo5 
17.918 x lo5  To ta l  
Gauss 
c m  
3 
Using Tab le  G one may f i n d  t h e  i n t e g r a l  i n  ( 2 8 )  t o  g i v e :  
300km 
5 N ( 2 )  % ( z )  dz = 17.918 x lo5 Gauss 
3 
x 50 x 10 c m  = 
c m  0 
( 2 9 )  g Gauss  = 9 x 1 0  l2 v sec 
4 2 
c m  m 
S u b s t i t u t i n g  ( 2 9 )  i n  ( 2 8 )  one o b t a i n s :  
J 2 2  
2 c ~ m  w 
0 
The Faraday r o t a t i o n  i n  t h e  ionosphere  w i l l  b e  7 5 O .  The e lec t r ic  
f i e l d  v e c t o r  w h i l e  pas s ing  through t h e  ionosphere  will r o t a t e  i t s  
p l a n e  of p o l a r i z a t i o n  by 75O. The d e r i v a t i o n  of t h e  e q u a t i o n  for  
t o t a l  Faraday r o t a t i o n  ( 2 5 )  will be g iven  i n  Appendix A .  
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SUMMARY 
I n  t h e  p r e s e n t  paper  t h e  effects  of  t h e  ionosphe re  on a 
400 M c  r ada r  s i g n a l s ,  s e n t  from a s a t e l l i t e  a t  a h e i g h t  of 300 
k m  v e r t i c a l l y  downward t o  t h e  ground, have Seen i n v e s t i g a t e d .  
Taking the  geomagnetic f i e l d  i n  Lawrence, Kansas i t  has  been  found 
t h a t  i n  the  propagat ion  of t h e  waves through t h e  ionosphe re  t h e  
q u a s i - l o n g i t u d i n a l  (QL)  approximation w i l l  be i n  o rde r  and t h a t  
one w i l l  have two c i r c u l a r l y  p o l a r i z e d  waves, t h e  o r d i n a r y  and  
t h e  e x t r a o r d i n a r y  modes o f  propaga t ion .  
I t  has  been found t h a t  t h e  t i m e  d e l a y  of t h e  s i g n a l  because  
of t h e  ionosphere  w i l l  be e q u i v a l e n t  t o  i n c r e a s i n g  t h e  s a t e l l i t e  
h e i g h t  from the  ground (300km) by 40 meters i n  f ree  space .  
I t  has  been found t h a t  t h e  a t t e n u a t i o n  of t h e  radar s i g n a l  
through the  ionosphe re  i s  approximate ly  db which i s  
e q u i v a l e n t  t o  a 0.23% d e c r e a s e  i n  t h e  power wh i l e  p ropaga t ing  
100 
through the  ionosphe re .  
I t  h a s  been found t h a t  t h e  Faraday r o t a t i o n  of t h e  t o t a l  
e l e c t r i c  vec tor  p l a n e  of  p o l a r i z a t i o n  w h i l e  p a s s i n g  through t h e  
ionosphere w i l l  be 7 5 O .  
I n  a l l  t h e  above c a l c u l a t i o n s  an  ave rage  day t i m e  e l e c t r o n  
d e n s i t y  p r o f i l e  h a s  been assumed [ U . S . A .  A i r f o r c e ,  1963) , and t h e  
numerical  v a l u e s  mentioned above g i v e  t h e  order of magnitude of 
t h e  ionosphe r i c  effects  on 400 M c  r a d a r  s i g n a l s ,  r a t h e r  t h a n  exact 
r e s u l t s .  
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APPENDIX A 
FARADAY ROTATION 
In the present section we will derive the formula for Faraday 
rotation Van Al l en ,  1956 given in (25) .  Assuming a QL circularly 
polarized wave e i(wt-kpz) propagates i n  the ionosphere, where k = - 0 
C 
and p. is the refractive index. From the above one may find that: 
where (A-1) may be used to  find the  phase velocity: 
If one takes  a plane z = Const the circularly polarized wave will have 
the electric field vector rotate by angle a where 
d a =  wdt 
By using (A-1) in (A-3a) one obtains a lso 
EL dz 
w 
C 
d a =  k dz  = --- 
There will be rotation of the circularly polarized wave for a given 
t i m e  t = Const as  we move along tk z axis .  Since the ordinary and 
the extra-ordinary QL circularly polarized waves electric field vectors 
rotate i n  two opposite directions , a s  may be seen  from (2c) ,  one will 
denote the corresponding angle of rotat ionao and 
The total  electric field E is the vector s u m  of Eo and E x  and i t  rotates 
from its original position by an angle Q. 
parallelogram i n  Figure 4 one obtains: 
a s  i n  Figure 4 .  
X 
From the geometry of the 
aO 
(A-2) 
(A- 3 a) 
(A- 3 b) 
(A-4a) 
From which w e  o b t a i n :  
- qx 2 R = o <  0 
Which could  be r e w r i t t e n  i n  t h e  form: 
( A - 4 b )  
( A - 4 ~ )  
S u b s t i t u t i n g  ( A - 3 b )  i n  (A-4c) f o r  t h e  o r d i n a r y  and t h e  e x t r a o r d i n a r y  
wave, one o b t a i n s :  
( CI -I’ x )  dz ( A - 5 a )  w [P  dz - c’ X dz]  = 2c 0 1 d Q = -  - 
2 C 0 
W 
and from (A-5a) one h a s :  
(A-5b) 
Equat ion  (A-5b) i s  i d e n t i c a l  w i t h  ( 2 5 )  and has  been g iven  p r e v i o u s l y  
[Van Al len ,  1956; Ginzburg,  1963) .  
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Figure 4 .  Faraday Rotation 
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